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ABSTRACT

Although aluminum casting alloys are not often thought of as being formable, this thesis
examines this possibility. Aluminum alloy 356 was cast in permanent molds and subsequently
deformed by rolling (providing compressive loading) and bending (providing tensile loading).
Cold forming was found to be very limited, while forming at elevated temperatures was
comparatively easy and permitted reductions of up to 90%. Tensile properties and micro
structures were examined in detail. Forming breaks up the eutectic silicon and intermetallic
compounds. The yield strength and tensile strength increased almost linearly with increasing
total percent reduction. The elongation at first increases with total percent reduction and then
decreases, with the peak occurring between 40 and 60 total percent reduction. The
enhancement of properties is due primarily to the dispersion of the silicon during the
deformation process.
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I. INTRODUCTION

The flexibility of design and manufacturing could be significantly increased if various types of
metal working processes could be combined, thereby allowing more products to be produced
at a lower cost and with enhanced properties. Many instances of combined processes are
currently used, such as joining castings or forgings by welding processes, rolling of
continuously cast metals, or forging of powder metallurgy products.
Combining casting and forming of aluminum alloys also offers possibilities for producing final
components in lighter sections at lower cost with improved properties, making these products
more suitable in transportation and aerospace applications where weight and strength are
important. In particular, producing aluminum castings to a semi-finished shape followed by
forming selected locations to a final shape could be a means for meeting these desirable ends.
Unfortunately, most aluminum casting alloys, particularly those based on Al-Si, have limited
ductility and generally are not considered to be good candidates for secondary forming
operations. During solidification of these alloys, an eutectic microconstituent containing hard,
brittle silicon is produced. It is this eutectic microconstituent that limits the ductility and
potentially the formability of the casting.
However, the structure of certain Al-Si alloys can be controlled to make the casting more
ductile. In particular, the eutectic silicon, which typically forms as sharp-edged plates which act
as stress raisers to reduce ductility, can be modified by controlled additions of strontium or
sodium to produce a more rounded, rod-shaped morphology. This modified structure is often
produced in Al-Si castings. In addition, the properties of the casting can be controlled by
cooling rate or solidification time, with rapid cooling producing smaller secondary dendrite arm
spacings with a resulting improvement in as cast properties.
Aluminum alloy 356, containing approximately 7% silicon, and 0.3% magnesium1, is one of
the alloys where eutectic shape is easily modified. This alloy is also capable of being
strengthened by an age hardening treatment. Therefore, this common alloy was selected as
the prototype for determining the feasibility of combining casting and forming. Discerning the
various processing parameters, such as type of loading, temperature of forming, original
microstructure, forming parameters, etc, and measuring the effect of the combined
casting-forming process on the microstructure and final properties of the product is the
emphasis of this thesis.
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II. EXPERIMENTAL PROCEDURE

No references pertaining to the formability of aluminum casting alloys were located in the
literature. Consequently the initial stage of this investigation dealt with a brief survey of the
important parameters that must be controlled. This survey eventually led to the development
of the appropriate experimental procedure used throughout the course of the research. This
section describes the development of the procedure used for studying the effect of deforming
by rolling on the mechanical properties of the alloy. The procedure for other tests is described
in later sections.

A. CASTING

Aluminum alloy 356 was normally cast into permanent steel molds to provide fairly rapid
freezing and a fine, modified structure. The molds were constructed as shown in Figure 1.
Blanks were produced 9" long, 1.5" wide, and with a thickness of either 0.5” or 0.25". Mold
temperature was held to either 200°C, 300°C, or room temperature. Eight samples were sand
cast to produce extra large secondary dendrite arm spacings. The aluminum was poured at
approximately 700°C. Mold and melt temperatures were monitored continuously using
chromel-alumel thermocouples. The blanks used to study the effect of SDAS contained
chromel-alumel thermocouples inserted to measure the actual cooling rate and solidification
time.

B. ROLLING

To determine the feasibility of rolling, the samples were preheated at temperatures up to
550°C and rolled at 20 to 60 percent reduction per pass. Aluminum blanks were placed in an
oven next to the rolling mill. The temperature of the oven was monitored with a thermocouple
positioned in the center of the oven. The samples were preheated for a minimum of twenty
minutes before the first pass. After the first pass, the thickness of the sample was measured.
The sample was replaced and the next sample rolled when the oven again reached
temperature. A minimum of five minutes was allowed between rolling operations on each
sample. This procedure was repeated until either failure occurred or the desired total reduction
was obtained. When the samples were long enough, they were sectioned for tensile bar
blanks.
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C. TENSILE TESTING

Tensile bars were cut in the longitudinal direction for samples ranging from 0 percent reduc
tion (as cast) to 90 percent reduction. The bars had a nominal width of 0.5". All bars were
pulled on a Tinius Olsen Universal Testing Machine. Ultimate tensile strength was read directly
off of the machine. The output was plotted as a stress-strain diagram. Yield strength was
determined from a 0.2% offset. Modulus of elasticity and fracture strength were measured from
the graph. Elongation was found by using a two inch gage length inscribed on the specimen.

9.0

Figure 1. Mold used to cast aluminum blanks. Dimensions are in inches.
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a . METALLOGRAPHY

The aluminum samples prepared for metallographic examination were first sectioned on a
band saw and then mounted in Kold-Mount. Grinding was done from 80 grit down to 600 grit
on SiC paper. The samples were polished on variable speed wheels using low speed. Coarse
polishing was done on billiard cloth with 1.0 micron alumina powder suspended in water. The
sample was etched between coarse polishing and fine polishing using 0.5% HF for 30
seconds. Fine polishing was done on a new or very clean piece of Mager cloth using 0.01
micron alumina powder suspended in water. This was done until a scratch-free surface was
obtained. The sample was etched after two or three minutes of fine polishing with 0.5% HF for
thirty seconds. The final etch used was for 45 seconds.

E. DETERMINATION OF CONTROL VARIABLES

The first phase of the research consisted of pinning down variables in the rolling process.
Preliminary tests with sand cast 0.5" samples indicated that rolling at room temperature was not
feasible except when using shallow passes of 3% per pass or less. The total percent reduction
possible at higher temperatures was much greater and could be done with greater percent
reductions per pass.
As a result of the preliminary tests, a schedule was devised to test the possibility of rolling
permanent mold castings at elevated temperatures and at different percent reductions per
pass. Failure was specified to be the onset of edge cracking. Samples were rolled beyond
failure to see if the cracks would continue catastrophically. Further rolling only increased the
number of edge cracks. The cracks did not usually propagate throughout the piece. In the
case of the sand cast samples, the cracks started at the rough surface left by the mold. The
samples cast in permanent molds had a much smoother surface finish.

1. Total Reduction Before Failure. The total percent reduction possible increases as the
rolling temperature increases, Table I. The greatest reduction was obtained at 450°C. The
samples rolled at 550°C, which is above the solution treating temperature of the alloy, tended
to stick to the rolls and suffered surface damage. As a result, the total percent reduction
possible decreased slightly. The capability of the rolling mill limited the 0.25" samples to a total
percent reduction of approximately 90%. The 0.5" samples could be rolled to almost 95 total
percent reduction. The samples rolled at 450°C usually had their total percent reduction limited
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more by the rolling mill than by the samples themselves.

TABLE I
TOTAL PERCENT REDUCTION POSSIBLE BEFORE FAILURE

0 .2 5 "

20% /P A S S

0 .5 "

40% /P A SS

60% /P A S S

20% /P A S S

550°C

8 6 .0 * *

9 0 .4

8 6.0

9 2 .8 * *

450°C

8 9 .2

9 0 .0

9 0 .0

9 1 .6

350°C

8 4 .0

....

8 9 .8

250°C

7 9 .6

7 6 .4

5 5 .2

8 3 .0

ROOM TEMP

5 2 .0

5 5 .2

6 0 .8

4 8 .8

** sample dam aged by rolls

The other variable examined was the percent reduction per pass. The as cast samples had
indicated that great percent reductions were possible using a low percent reduction per pass.
In the as cast samples, greater than 20% reduction per pass was not possible. The permanent
mold samples were tested with 20, 40, and 60% reduction per pass. The results indicate that
50% or better total reduction is possible with permanent mold castings even when they are
rolled at room temperature. The total percent reduction possible is greater at the lower percent
reductions per pass. The 0.25" room temperature samples seem to indicate the opposite
result, but the total percent reduction possible is so low that the 60% per pass sample failed on
the second pass and the 40% reduction sample failed on the third pass. The room
temperature samples therefore give misleading results.

2.

Tensile Strength at Failure. Before a decision was made concerning percent reduction

per pass and rolling temperatures, tensile bars were cut from the samples rolled one pass
beyond their maximum amount of reduction to determine what effect the different
temperatures and percent reductions per pass had on the properties, Tables II - IV. The
maximum amount of reduction possible is the total percent reduction before cracks were found
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in the sample. Therefore, the values reported in the following tables are given "at failure" or at
the point at which the sample showed cracking. Samples that failed before they were long
enough to provide tensile bars are designated as "broke".
Table II shows that, at temperatures less than 550°C, the tensile strength decreases as the
temperature increases. The highest tensile strength is found at the 250°C rolling temperature.
The samples rolled at 550°C do not follow this trend, but these samples were rolled above the
solution treating temperature and appear to have hardened. The tensile strengths shown for
the 0.5" samples indicate that the tensile strength at failure depends on the rolling temperature
and not on the sample size.

TABLE II
TENSILE STRENGTH AT FAILURE

0 .2 5 "

0 .5 "

20% /P A SS
550°C

39.1

ksi**

450°C

3 1 .8

350°C

3 5 .3

250°C
ROOMTEMP

36.1
—

40% /P A SS

60% /P A SS

48.8 ksi

42.2 ksi

3 8 .7

3 9 .7

3 9 .7

20% /PASS
4 0.3

ksi**

31.1

—

3 1 .3

broke

3 6 .6

broke

—

** sample dam aged by rolls

Table II also indicates that slightly higher tensile strengths are achieved with the higher
percent reductions per pass. The 0.25” samples show an increase of 3 to 7 ksi when the
samples are rolled at 40% reduction per pass as opposed to 20% reduction per pass.

3.

Yield Strength at Failure. The values for yield strength, Table III, do not show a

pronounced trend. In particular, the 0.25" samples rolled at 20% per pass show decreasing
yield strengths with increasing temperature, while the samples rolled at 40% per pass show
increasing yield strengths with increasing temperature. The 0.5" samples in general show that

7
the yield strength decreases as the temperature increases. The samples rolled at 550°C are
again inconsistent.
Larger percent reductions per pass give a slight increase in yield strength. The samples
rolled at 450°C show a significant increase between 20 and 40% per pass. The difference
between 40 and 60% is very small. The samples rolled at 250°C show only a slight difference
between the samples rolled at 20 and 40% per pass. This suggests that there is a limit to the

TABLE III
YIELD STRENGTH AT FAILURE

0 .2 5 "

0 .5 "

20% /P A S S
550°C

2 9.9

ksi**

450°C

2 8 .7

350°C

3 0 .8

250°C

3 3 .7

ROOM TEMP

—

40% /P A SS

60% /P A S S

45.7 ksi

35.8 ksi

3 5 .2

3 3 .6
. . . .

20% /P A S S
3 0 .2

ksi**

3 5 .3

2 6 .9

—

2 6 .3

broke
broke

|

3 2 .6
. . . .

** sample damaged by rolls

improvement of yield strength of the maximum percent reduciton. This limit is dependent on
the temperature of rolling and the percent reduction per pass.

4.

Percent Elongation at Failure. The values obtained for percent elongation, Table IV,

show no trend. However, the 0.5" samples have much greater elongations at failure than the
0.25" samples. The values for percent elongation at failure do not depend on rolling
temperature or percent reduction per pass. The graph of percent elongation versus total
percent reduction, Figure 11, will show that the percent elongation depends on total percent
reduction.

5. Final Decision of Variables. After reviewing the results of the preliminary tests, it was
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decided to concentrate on rolling samples at 20% per pass. Rolling temperatures of 350°C and
450°C were selected. At 350°C, the total percent reduction possible was relatively high, at
least 80% or better. Also at 350°C, the properties were relatively high. By rolling at a
temperature of 450°C, it was possible to roll the samples to a thickness that was at the limit of
the rolling mill's capabilities. However, the properties at 450°C were considerably lower than at
350°C. The two temperatures were therefore chosen because of the high percent reductions
possible combined with excellent properties in the case of the 350°C rolling temperature and
the extreme formability in the case of the 450°C rolling temperature.

TABLE IV
PERCENT ELONGATION AT FAILURE

0 .5 "

0 .2 5 "

20% /P A S S
550°C

3.25%

450°C

2 .2 0

*

350°C

6 .5 5

250°C

2.25 *

ROOM TEMP

40% /P A SS
1.7 5 %
2 .6 0
. . . .

6 .6 5

—

* broke outside of gage length
** failed early due to punch marks

**

60% /P A SS

20% /P A S S

6 .6 5 %

1 0 .0 0 %

3 .7 0

6 .9 0

—

8 .6 5

broke

8 .9 0

broke

—

9
III. RESULTS

A. ROLLING

The final microstaicture and properties of 356 aluminum alloy were determined to be a
function of original microstructure, casting process, rolling temperature, and total percent
reduction for rolling, which causes deformation by compressive loading. The results of these
tests are described in the following sections.

1■ Comparison of Sand Castings to Permanent Mold Castings. Depending on whether the
sample was made by casting in a permanent mold or by casting in a green sand mold, widely
varying properties could be produced. These properties also depend on whether the sample
was rolled at 350°C or 450°C and what total percent reduction was used.

TABLE V
SAND CAST AND PERMANENT MOLD PROPERTIES FOR 0.5" SAMPLES

0.5" SAMPLES
350°C ROLLING
TEMPERATURE
TOTAL
REDUCTION

SAND
CAST

PERMANENT
MOLD

450°C ROLLING
TEMPERATURE
SAND
CAST

PERMANENT
MOLD

80%

4 7.9

5 2.6

4 7 .0

4 7.6

9 0%

4 4.6

5 3.8

4 8.5

5 8.8

YIELD
STRENGTH

80%

19.7 ksi

2 3.3

19.3

19.3

90%

24.6 ksi

2 7.6

2 3.6

24.8

TENSILE
STRENGTH

80%

25.3 ksi

2 8.9

2 6.9

2 8.7

90%

28.3 ksi

32.1

2 7.3

3 1 .4

PERCENT
ELONGATION

80%

10.1 %

—

12.5

15.4

90%

6.0 %

4.3

11.8

HARDNESS
(HRF)

7.6
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a. Hardness of 0,5" Samples. The values obtained for 0.5" samples are summarized in
Table V. The hardnesses for the 0.5" samples are slightly higher for the permanent mold
samples at both the 350°C and 450°C rolling temperatures. This difference ranges from less
than a point for the 450°C samples rolled 80% to 10 points on the Rockwell F scale for the
450°C samples rolled 90%. The difference in hardness due to temperature alone is not very
predictable. In general, the samples rolled 80% decrease in hardness as the temperature
increases, while the samples rolled 90% increase in hardness as the temperature increases.
However, hardness readings on a single sample have been found to range as much as 30 to 40
points on the Rockwell F scale. The inconsistent results shown in the table may very well be
due to the variation in the individual hardness readings.
The hardnesses also change as the percent reduction is increased. In general, the samples
rolled at a given temperature will increase in hardness as the percent reduction is increased.
The sand cast samples rolled at 350°C show the opposite result. Since the difference is about
3 points, this may again be a result of the erratic hardness readings.

b. Yield Strength of 0.5" Samples. The values obtained for yield strength show an increase
of 4 to 5 ksi for every sample as the total percent reduction is increased from 80% to 90%. At
350°C, the permanent mold samples show yield strength values 3 to 4 ksi higher than the
corresponding sand cast samples. However, at 450°C, the yield strength values of the sand
cast samples and the permanent mold samples are approximately the same. These values are
also the same as those found for the sand cast sample at 350°C. The yield strength of the sand
cast samples shows only a very slight drop as the temperature of rolling is increased, while
rolling the permanent mold samples at 450°C instead of 350°C will cause a 4 ksi drop. The yield
strength of the permanent mold castings is more dependent on the rolling temperature than
are the sand castings.

c. Tensile Strength of 0.5" Samples. The values for tensile strength also increase as the
total percent reduction is increased from 80% to 90%. The samples rolled at 90% reduction
have tensile strengths approximately 3 ksi higher than the samples rolled at 80% reduction.
This effect is observed for the sand cast samples as well as for the permanent mold samples
and appears regardless of the temperature of rolling.
The tensile strength values for the permanent mold samples are 2 to 4 ksi greater than the
values obtained for the sand cast samples at any temperature of rolling or percent reduction.
As the temperature of rolling increases, the tensile strength decreases by about 1 ksi. Tensile
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strength does not show as great of a drop in values as does the yield strength.

d- Percent Elongation of 0,5" Samples. The percent elongation for a sand cast sample is
considerably less than the value for a permanent mold sample. This difference ranges from
about 1.5% to 8%. The samples rolled at the lower temperatures have a lower percent
elongation than the corresponding samples rolled at the higher temperature. The samples
rolled to the higher percent reduction also show a decrease in the percent elongation. The
samples show a greater decrease in ductility due to the increase in the total reduction than is
caused by the decrease in temperature or the difference between the sand castings and the
permanent mold castings. Percent elongation is another property that shows a strong
dependence on the total percent reduction.

e. Hardness of 0.25" Samples. The 0.25” rolled at the same temperatures and the same
percent reductions as the 0.5" samples show slightly different results, Table VI. The
hardnesses obtained for the 0.25" samples that were cast in permanent molds are at least 3
Rockwell F points higher than the hardnesses of the sand cast samples and are 5 to 10 points
higher than the hardness values obtained for the 0.5" samples.
The rolling temperature also affects the hardnesses. The sand casting hardnesses increase
by 2 to 3 points as the temperature is increased from 350°C to 450°C. The permanent mold
hardnesses increase by less than 1 point in the same case. Again, these values may not be
significant due to the large variability of hardness data on the same sample. The sand cast
samples show a decrease of 3 to 4 points as the percent reduction is increased from 80% to
90%. This is opposite the result expected and shown by the permanent mold samples, which
increase 4 points when the percent reduction is increased from 80 to 90%. The hardness
values for the rolled samples are therefore not considered to be representative.

f. Yield Strength of 0.25" Samples. The yield strength values are found to decrease as the
temperature of rolling increases. This increase is approximately 2 to 3 ksi regardless of molding
method. The yield strength values for the sand cast samples are approximately the same as the
permanent mold samples at a given temperature. Therefore, the yield strength is independent
of the method by which the samples were made. The yield strengths for the 0.25" samples
were 4 to 6 ksi higher than the 0.5" samples. The yield strength is therefore dependent on
sample size and rolling temperature.
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g.

Tensile Strength of 0.25" Samples. The same decrease in property with an increase in

temperature is found for tensile strengths. The tensile strength of the samples decreases
approximately 1 to 3 ksi as the temperature is increased from 350°C to 450°C. The permanent
mold sample has a value 2 ksi greater than the sand cast sample at 350°C. At 450°C, the values
are approximately the same. Tensile strength is not very dependent on casting method or
rolling temperature.

TABLE VI
SAND CAST AND PERMANENT MOLD PROPERTIES FOR 0.25" SAMPLES

0.25" SAMPLES
450°C ROLLING
TEMPERATURE

350°C ROLLING
TEMPERATURE
TOTAL
REDUCTION

SAND
CAST

PERMANENT
MOLD

SAND
CAST

PERMANENT
MOLD

HARDNESS
(HRF)

80%

53.1

57.8

55.8

58.3

90%

48.9

62.0

52.1

—

YIELD
STRENGTH

80%

25.6 ksi

26.0

23.3

23.2

90%

—

—

—

—

TENSILE
STRENGTH

80%

29.4 ksi

31.6

28.0

28.6

90%

—

—

—

PERCENT
ELONGATION

80%

5.2 %

7.1

6.5

8.0

90%

—

—

h.

—

Percent Elongation of 0.25" Samples. The percent elongation increases about 1% with

an increase in the temperature, regardless of the molding method. The sand cast samples
generally have a percent elongation of about 1.5% less than the permanent mold samples.
The values obtained for the 0.25" samples at 80% reduction are less than the values obtained
for the 0.5" samples at either 80 or 90% reduction.
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i.

Conclusions. The sand cast samples in almost all cases have properties that are slightly

inferior to the permanent mold samples. The hardnesses obtained for all samples are suspect
due to the wide range of variability in the original readings. Yield strength values do not appear
to depend strongly on whether the sample was sand cast or permanently mold cast. The
tensile strength does depend on the molding method. The percent elongation is greater for
samples that have been cast in permanent molds.
Increasing the temperature of rolling decreases the yield strength and tensile strength while
increasing the percent elongation. Increasing the total percent reduction increases the yield
strength and tensile strength while decreasing the percent elongation. Decreasing the sample
size increases the hardness, yield strength, and tensile strength, but decreases elongation.

LOCAL SOLIDIFICATION TIME (MINUTES)

O 0 . 2 5 " ROOM TEMP
O 0 .2 5 " 300°C PREHEAT
A 0 .2 5 " SAND CAST

♦ 0 .5 " ROOM TEMP
• 0 .5 " 300°C PREHEAT
A 0 .5 " SAND CAST

Figure 2. Secondary dendrite arm spacing versus local solidification time.
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2.

Comparison of Secondary Dendrite Arm Spacing to the Results of Rolling. The

secondary dendrite arm spacing (SDAS) of an as cast sample indicates the amount of
undercooling that the casting experienced and can be compared to the local solidification time
by the use of the equation SDAS = k(LST)n where k and n are constants depending on the
metal and LST is the local solidification time. The smaller the SDAS, the greater the ductility
and the tensile strength of the sample2.

a.

Secondary Dendrite Arm Spacing and lo ca l Solidification Time. The relationship between

the SDAS and the LST of the cast samples are shown in Figure 2. A linear relationship is found
between the secondary dendrite arm spacing and the local solidification time. The slope of the
line for both the 0.5" samples and the 0.25” samples is approximately 0.3 to 0.4, which is
expected for this material. The sample with the largest secondary dendrite arm spacing and
also the largest local solidification time is the 0.5" sand cast sample. The sample that has the
smallest values for both SDAS and LST is the 0.25" sample cast in the room temperature mold.

TABLE VII
COMPARISON OF LOCAL SOLIDIFICATION TIMES WITH SECONDARY DENDRITE ARM
SPACINGS AND THE TOTAL PERCENT REDUCTION POSSIBLE FOR 0.5" SAMPLES

LOCAL
SO LIDIFICA
TION TIME
(m in)

SDAS
(LO NG ITUDINAL)
(in)

ROLLED
AT 350°C

ROLLED
AT 450°C

0 .1 1 0

0.0 0 04 9

0.00058

83.6*

89.8*

0.125

0.00044

0.00065

> 95.2

> 93.0

0.103

0.0 0 04 9

0.00060

8 3. 6

> 93.4

0 .8 6 6

0.0017

0.0013

5 9. 2

7 9. 6

* sample dam aged by rolls.

b.

TOTAL PERCENT
REDUCTION POSSIBLE

SDAS
(TR A N S 
VERSE)
(in)

Difficult to determine source o f cracks.

SPAS of 0.5" Samples. Since the closeness of the spacing of the secondary dendrite

arms has been shown to affect the strength and elongation in as cast samples, this section will
attempt to examine the effect of SDAS on the rolling properties.
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The first three samples in Table VII were cast in permanent molds with varying mold and melt
temperatures. The local solidification times for all three of these samples are similar. The
secondary dendrite arm spacings (both transverse and longitudinal) of the permanent mold
samples are also similar. The last sample in Table VII, which was cast in a green sand mold, has a
very long local solidification time and a large secondary dendrite arm spacing. The differences
in the measurements of secondary dendrite arm spacing in the transverse and longitudinal
directions are on the same order of magnitude in all samples. The spacing in the transverse
direction has been plotted on all of the graphs. It was felt that this value was more appropriate
because of the dimensions of the molds.

c.

Total Percent Reduction of 0.5" Samples. The permanent mold samples, with the smaller

SDAS, achieved greater total percent reductions than the sand castings. The permanent mold
samples could be rolled 83% or better at 350°C and 90% or better at 450°C, compared to 59%
and 80% for the sand cast samples at the same temperatures. However, the sand cast samples
show a much greater improvement in the total percent reduction possible due to the increase
in temperature.

TABLE VIII
COMPARISON OF LOCAL SOLIDIFICATION TIME TO THE SECONDARY DENDRITE ARM
SPACINGS AND TOTAL PERCENT REDUCTION POSSIBLE FOR 0.25" SAMPLES

TOTALPERCENT
REDUCTION POSSIBLE

SDAS
(TR A N S 
VERSE)
(in)

SDAS
(LONGITUDINAL)
(in)

ROLLED
AT 350°C

ROLLED
AT 450°C

0.00062

0 . 00 05 1

80. 4

84.4*

0.107

0.00042

0.00066

7 5. 6

75.2*

0.089

0.00053

0.00048

80. 0

79.6*

0.858

0.0013

0.0013

74.4*

80.0*

LOCAL
SOLIDIFICA
TION TIME
(m in)

* sample damaged by rolls.

Difficult to determine source of cracks.

d. SPAS of 0.25" Samples. The 0.25" samples show similar results to the 0.5" samples,
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Table VIII. Again, the first three samples were cast in permanent molds with different mold and
melt temperatures. These samples have secondary dendrite arm spacings that are relatively
close to the values determined for the 0.5" samples. The fourth sample, the sand cast sample,
has a much longer local solidification time and as a result also has a larger secondary dendrite
arm spacing. The difference in value between the secondary dendrite arm spacing in the
transverse and longitudinal direction is not significant.

e. Total Percent Reduction of 0.25" Samples. The total percent reductions possible in the
0.25" samples do not depend on the casting method. The samples cast in permanent molds
achieved total percent reductions of 75% or better at both 350°C and 450°C. These values are
less than the values obtained for the 0.5" samples. This indicates that although the secondary
dendrite arm spacing may have some effect on the total percent reduction possible, the total
percent reduction depends on other variables. The 0.25" sand cast samples achieved values
of 74% and 80% at 350°C and 450°C, respectively. These values are equal or higher than the
values obtained for the permanent mold samples at the same temperature.

f. Failure of Rolled Samples. Since the criteria for failure of the rolled samples was decided to
be the first sign of cracking, the sand cast samples may have experienced an additional cause
for cracking. The surface finish of the permanent mold samples was very smooth compared to
the sand castings, especially across the thickness of the piece. The sand cast samples had the
rough texture characteristic of green sand castings. As the sample was rolled, the texture on
the top and bottom of the casting was smoothed. The sides of the casting remained the same.
When a sand cast sample "failed”, the cracks causing the failure began at the roughened edge.
These cracks became more numerous as rolling progressed but did not propagate very far into
the sample. The cracks that began in the permanent mold cast sample also began at the edge.
However, these cracks rapidly propagated into the casting. The surface finish of the casting
may very well have caused the limit to the rolling, not the prior cast structure.
Although the extent of the ability of the sample to be rolled ended when the first cracks
appeared, the samples could be rolled beyond "failure". The blanks cast were wide enough
that the cracks along the edges could be trimmed off so long as they did not propagate very far.
Many of the results presented in this paper are taken from samples that have "failed". Failure is
an arbitrary term and does not meant to mean that the sample is no longer suitable for testing.

g. SDAS Effect on Tensile Strength. In as cast samples, the smaller secondary dendrite arm
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spacings produce superior tensile strengths and elongations. If the rolling has not obliterated
the prior casting structure, this same effect should be seen when comparing the properties to
the as cast secondary dendrite arm spacings. This effect is seen in Figure 3 when comparing
the tensile strengths to the secondary dendrite arm spacings.
The highest tensile strengths are obtained in the 0.25" samples rolled at 350°C for 80%
reduction. The samples rolled at 450°C have lower tensile strengths than the samples rolled at
350°C. The samples with the lower percent reductions have lower tensile strengths than the
samples rolled to 90% reduction. The 0.25" samples have higher tensile strengths than the
0.5" samples.

SECONDARY DENDRITE ARM SPACING (INCH)

O- • • O 0 .2 5 " AT 4 5 0 °C , 8 0 % RED.
O------- O 0 .2 5 " AT 3 5 0 ° C / 8 0 % RED.
• ------- « 0 .5 " AT 350°C , 8 0 % RED.

♦ ........♦ 0 .5 " AT 4 5 0 °C / 8 0 % RED.
■ ........■ 0 .5 " AT 450°C , 9 0 % RED.
* • • • * 0 .5 " AT 3 5 0 * 0 , 9 0 % RED.

Figure 3. Tensile strength versus secondary dendrite arm spacing.

If the slope of the tensile strength versus secondary dendrite arm spacing curves are
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assumed to indicate the degree to which the original dendritic structure has been destroyed,
the curves with the smaller slope will have less of a dependence on the as cast structure. The
order of the curves supports this assumption. The flattest curve is the 0.25" sample rolled at
450°C to 80% reduction. The 0.25" sample rolled at 350°C is the next flattest curve. The 0.5"
samples follow with the 450°C samples next and the 350°C samples with the strongest
dependence. The 450°C sample rolled 80% has a flatter curve than the 90% curve, but other
than that, the trend is as expected. The prior structure is best eliminated with the thinner
sample sizes roiled at the higher temperatures and for greater percent reductions.

SECONDARY DENDRITE ARM SPACING (INCH)

<0- - • O 0 . 2 5 " AT 4 5 0 °C , 8 0 % RED.
O------- O 0 . 2 5 " AT 3 5 0 °C , 8 0 % RED.
• ------- * 0 . 5 “ AT 3 5 0 °C , 8 0 % RED.

♦ ........♦ 0 . 5 “ AT 4 5 0 °C , 8 0 % RED.
■ ........■ 0 .5 " AT 4 5 0 °C , 9 0 % RED.
* . • . * 0 .5 " AT 3 5 0 °C , 9 0 % RED.

Figure 4. Yield strength versus secondary dendrite arm spacing.

h.

SDAS Effect on Yield Strength. The curves for yield strength versus secondary dendrite

arm spacing, Figure 4, show even less of a dependence of the property on the prior
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microstructure. The only lines with much of a slope are the 0.5" samples rolled at 350°C for
either percent reduction. The thinner samples and samples rolled at the higher temperatures
show very little change in yield strength due to the original dendritic structure.
The values for yield strength follow the same trend as was shown for tensile strength. The
0.25" samples rolled at 350°C have the highest yield strength. The 0.5" samples rolled at
450°C to 80% reduction have the lowest yield strengths. The samples rolled at 450°C have
lower properties than the samples rolled at 350°C. The smaller total reduction and the larger
sample size also produce lower yield strengths.

SECONDARY DENDRITE ARM SPACING (INCH)

O- • ■ O 0 . 2 5 “ AT 4 5 0 % , 8 0 % RED.
0 — 0 0 . 2 5 “ AT 3 5 0 % , 8 0 % RED.
• ------- • 0 .5 " AT 3 5 0 % , 8 0 % RED.

♦ ....... ♦ 0 . 5 “ AT 4 5 0 % , 8 0 % RED.
■ ....... ■ 0 . 5 “ AT 4 5 0 % , 9 0 % RED.
*■ • ■* 0 .5 " AT 3 5 0 % , 9 0 % RED.

Figure 5. Percent elongation versus secondary dendrite arm spacing.

i.

SDAS Effect on Elongation. The most surprising results are on the elongation versus

secondary dendrite arm spacing graph, Figure 5. The elongation in an as cast sample will
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increase dramatically as the secondary dendrite arm spacing is decreased. This is not observed
in the rolled samples. Although widely varying, the data points indicate a linear relationship
between the elongation and the SDAS. With the exception of the 0.5" samples rolled for 90%
at either 350°C or 450°C, the curves are relatively flat and indicate no dependence on the prior
dendritic structure.
The greatest percent elongations are obtained in the 0.5" samples rolled 80% at 450°C. The
0.5" samples rolled 80% at 350°C have the next highest properties, followed by the 0.5"
samples rolled to 90% at either temperature. The lowest percent elongations are found in the
0.25" samples rolled 80% at 350°C. The thicker sample size rolled for the smaller percent
reduction at the higher temperature has the best properties. The thinner samples rolled to the
greater percent reductions at the lower temperatures will have the smallest percent elongation.

O • O 0 .2 5 " AT 450°C
O------- O 0 .2 5 " AT 350°C
A 0 .2 5 " AS CAST

♦ .......♦ 0 .5 " AT 45 0 °C
• ------ • 0 .5 " AT 350°C
A 0 .5 " AS CAST

Figure 6. Hardness versus total percent reduction at 20% reduction per pass.
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3.

Effects of Total Reduction on Properties. Several series of tests were performed in which

samples were collected as a total amount of reduction. The tensile tests performed on the
rolled samples were in the longitudinal direction. The results indicate that rolling can
dramatically improve the yield strength and tensile strength compared to the as cast samples.
The elongation will at first increase with the total reduction. After a certain point, the elongation
will again decrease. The effects of total reduction on each property are examined in detail in
this section.

ULTIMATE TENSILE STRENGTH (K S I)

O • • • O 0 . 2 5 " AT 450°C
0 — 0 0 . 2 5 " AT 350°C
A 0 . 2 5 " AS CAST

♦ .......................♦ 0 .5 " AT450°C
• -------------------- • 0 .5 " AT350°C
A 0 .5 " AS CAST

Figure 7. Hardness versus ultimate tensile strength at 20% reduction per pass.

a.

Hardness. As can be seen in Figure 6, hardness does not show a strong relationship with

increasing percent reduction. The 0.25" samples show a fairly constant hardness at all percent
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reductions. This hardness is only slightly less than the as cast hardness, but is consistently
higher than the 0.5" samples. The 0.5" samples show increasing hardnesses with total percent
reduction. All hardnesses are less than the as cast hardness until a total percent reduction ot
about 95% has been reached. Rolling temperature does not appreciably affect the
hardnesses on either 0.25" or 0.5" samples.
In ferrous technology, hardness can be used to predict the tensile strength of a material.
This is not viable for rolling of cast aluminum alloys, Figure 7. Hardness is not an accurate
method of predicting ultimate tensile strength since it depends on many things such as sample
thickness. Figure 7 indicates that there is very little correlation between the two other than a
general increasing trend of hardness with tensile strength.

TOTAL PERCENT REDUCTION

O- • O 0 .2 5 " AT 450°C
O------- O 0 .2 5 " AT 350°C
A 0 .2 5 " AS CAST

♦ .......♦ 0 .5 " AT 450°C
• ------• 0 .5 " AT 350°C
A 0 .5 " AS CAST

Figure 8. Modulus of elasticity versus total percent reduction at 20% reduction per pass.
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b.

Modulus of Elasticity. The modulus of elasticity of 356 aluminum is predicted to be 10.5 X

106 psi. Although this was not the value found on many of the samples, most fit within a range
of 8 and 12 X 106 psi, Figure 8. Modulus of elasticity is not affected by sample size, rolling
temperature, or total percent reduction.

O • ■ O 0 .2 5 " AT 450°C
O — O 0 .2 5 " AT 350°C
A 0 .2 5 " AS CAST

♦ ....... ♦ 0 .5 " AT 450°C
• -------• 0 .5 " AT 350°C
A 0 . 5 “ AS CAST

Figure 9. Yield strength versus total percent reduction at 20% reduction per pass.

c.

Yield Strength. The yield strength of the rolled samples was taken using a 0.2% offset

from the straight line portion (elastic region) of the stress-strain diagram. As such, it is prone to
some error due to determining the portion of the curve to offset the line from. The yield
strength values obtained, however, are consistent in that the higher total percent reductions
give higher yield strengths, Figure 9.
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As can be seen from the graph, increasing the total percent reduction will increase the yield
strength of the material particularly when reductions of 20% or more are used. Rolling either a
0.25" sample or 0.5" sample to approximately 90% total reduction will approximately double the
yield strength compared to the as cast sample. The 0.25" samples have slightly higher
strengths (about 2 - 3 ksi) than do the 0.5" samples.
Yield strength values also show a dependence on the temperature of rolling. For both the
0.25" and 0.5" samples, the samples that were rolled at the lower temperature have the higher
yield strength values. This dependence produces a greater difference in the 0.5" samples
than it does in the 0.25" samples. The 0.25" samples show that there is only about 1 ksi
difference due to the difference in rolling temperature, while the 0.5” samples show a 2 to 3 ksi
difference.

TOTAL PERCENT REDUCTION

O- • O 0 . 25 " AT 450°C
O ——O 0 . 25 " AT 350°C
A 0 . 2 5 " AS CAST
---------- MINIMUM VALUE

♦........ ♦ 0 . 5“ AT 450°C
• --------• 0 .5 "AT 350°C
A 0 .5 " AS CAST

Figure 10. Tensile strength versus total percent reduction at 20% reduction per pass.
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The yield strength of a sample depends on total percent reduction due to the rolling, the
temperature of the rolling, and the size of the sample. The highest values for yield strength are
found in the thinest samples rolled at the lowest temperatures. Increasing the total percent
reduction also increases the yield strength. The lowest values are found in the thickest
sections rolled at the highest temperatures. Increasing the total percent reduction will also
increase the yield strength values of these samples.

d. Tensile Strength. The tensile strength of the rolled samples also depends strongly on
total percent reduction, Figure 10. The values for tensile strength show the same trend as
yield strength in that the thinner samples have the greater tensile strengths. However, unlike
the yield strength, the temperature of rolling does not have much of an effect on the tensile
strength. The differences obtained for the different sample sizes are also less. Between the
0.25" and 0.5" samples there appears to be only about 1 to 2 ksi difference. The greatest
affect on tensile properties is produced by increasing the total percent reduction.
Of interest on the graph of tensile strength versus total percent reduction is the comparison
to the minimum handbook value1. The tensile strength of the as cast samples vary widely and
are as likely to be greater than the minimum value as they are to be less than the minimum
value. The samples that have been rolled, with the exception of four points at low total percent
reductions, all have values greater than the minimum accepted value. Rolling is therefore a way
to improve the properties of a casting to achieve minimum acceptable values.
In summary, tensile strength depends mostly on the total percent reduction. Some
differences are due to the sample size. Least important is the rolling temperature.

e. Percent Elongation. As can be seen from Figure 11, a maximum percent elongation is
obtained between 50 and 70 total percent reduction. The maximum elongation for both the
0.25" and the 0.5" samples at 350°C falls at the higher total percent reduction than at 450°C. At
a given rolling temperature, the optimum percent elongation occurs at larger total reductions for
the 0.5" sample size than for the 0.25" sample. The highest percent elongations are obtained
by rolling thick samples at high temperatures.
Of interest on the percent elongation graph is the comparison to the minimum value. Again,
the as cast samples have a relatively wide range of values scattered above and below the
accepted minimum. For samples rolled at either 350°C or 450°C between 30 and 80 total
percent reduction, all percent elongation values are above the minimum value of 3%. It should
be noted that although percent elongation initially increases with increasing percent reduction,
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it will at some value of total percent reduction begin to decrease until the values obtained by
rolling are no higher than the as cast samples.

O• ■ O
0 .2 5 " AT 450°C
O--------O
0 .2 5 " AT 350°C
A 0 .2 5 " AS CAST
----------MINIMUM VALUE

♦..♦ 0.5 " AT450°C
• -- • 0.5 " AT350°C
A 0 .5 " AS CAST

Figure 11. Percent elongation versus total percent reduction at 20% reduction per pass.

Percent elongation depends on sample size, rolling temperature, and total percent
reduction. The total percent reduction has the greatest effect on the properties, with a
maximum percent elongation occurring at an optimum reduction. The point at which the
percent elongation begins to fall off is slightly dependent on the sample size. The values
achieved for percent elongation depend on sample size and rolling temperature as well as total
percent reduction. The thicker samples rolled at the higher temperature have the highest
percent elongations. The next highest percent elongation is achieved by the thicker samples
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rolled at a lower temperature. The lowest percent elongation is found in the thinnest samples
rolled at the lower temperature.

4.

Radiographs. The samples cast in the permanent molds were prone to many different

types of casting defects. The most obvious defects were surface defects, but preliminary
results from the tensile bars indicated that the as cast tensile bars and the samples that were
rolled to the smaller total percent reductions also contained internal defects. To determine the
effect of rolling on these defects, one of the as cast samples was radiographed and a number
of defects, probably due to solidification shrinkage, appeared on the film. The sample was then
rolled at 20% per pass and a new radiograph was taken after every pass.

Figure 12. Radiograph of as cast sample.

The sample before rolling, Figure 12, had a large number of defects spread throughout the
length. Although, some of the defects were identified as surface irregularities, many of the
defects were internal.
When the sample was rolled to 20% reduction, Figure 13, the same defects were still seen.
At this stage, the defects were spread farther apart and appeared to be more distinct, perhaps
because the sample rolled to 20% would have a more uniform thickness. The defects seen in
the as cast radiograph are all still visible when the casting is rolled 20%.
When the sample was rolled to 36%, Figure 14, a very noticeable change occurred. Most of
the defects from the original structure were no longer visible in the radiograph. The most
massive defects can still be seen although they are smaller. This percent reduction also
corresponds to the reduction at which the microstructure first shows evidence of rolling. The
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graph of percent elongation versus total percent reduction indicates that the peak elongation
occurs sometime after this percent reduction but before a total reduction of 70%.

Figure 13. Radiograph of sample rolled 20%.

The sample was rolled once more and a radiograph taken at 49% reduction, Figure 15. At
this point, no defects are visible in the sample.
The results obtained in this series of radiographs correlate with the results seen on the
percent elongation graph. The samples increase in value for percent elongation until a peak is
reached between 40 and 70% reduction. The radiographs show that the defects are being
totally eliminated between 36 and 49% reduction. This suggests that the improvement in
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elongation may be due to the porosity and other defects being healed by the rolling. The work
described in the next section, involving density measurements, was done to confirm this
healing effect.

Figure 15. Radiograph of sample rolled 49%.

5.

Density Measurements. To check on the possibility of the porosity being healed due to

the temperature and the degree of rolling, the density of the rolled samples was measured.
The density measurements taken were wet densities. The sample was first weighed while in
air, and then weighed again while suspended in water. The density was obtained by using the
equation wet density = (A x p) / (A - W) where A is the mass in air, W is the mass in water, and p is
the density of the water3. The measurement was performed on three series of tensile bars.
The values were taken after the tensile bars were broken and represent the average density for
the two halves. The comparisons are presented in Table IX.
The results presented in Table IX do not support the defect healing theory. All of the density
measurements are virtually identical to one another and to the as cast density. Some error may
have been introduced by the low mass of the samples rolled to the highest percent reduction.
The 0.5" sample rolled to 95% at 350°C had a mass of only 1 gram. The as cast sample had a
mass of 55 grams. The larger sample would give a more accurate result. Another possible error
in the measurements may be due to the fact that around 90% total reduction, the rolling mill had
a tendency to damage the samples. This frequently was evidenced by scrape marks on the
samples.
Based on the results of the radiographs, healing of gross defects does occur during rolling.
However, the density measurements, obtained from samples that presumably did not contain
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TABLE IX
WET DENSITY OF 0.25" AND 0.5" SAMPLES ROLLED TO
30, 60, AND 90% REDUCTION AT 350°C AND 450°C

0.25" SAMPLES
350°C ROLLING
TEMPERATURE

0.5” SAMPLES *
450°C ROLLING
TEMPERATURE

350°C ROLLING
TEMPERATURE

TOTAL
REDUCTION

DENSITY
(g /m L )

TOTAL
REDUCTION

DENSITY
(g /m L )

TOTAL
REDUCTION

3 2 .8

2 .6 6

32.4

2 .6 6

3 4.2

2.66

5 9 .6

2 .6 6

59.0

2 .6 7

6 6.4

2.66

8 4 .0

2 .6 5

90.0

2 .6 6

9 4.8

2.65

DENSITY
(g /m L )

* as cast density of 2.66 g/mL

these gross defects, suggest that the enhancement of properties by rolling is due to causes
other than healing of porosity. The next section will show that the properties are instead
enhanced due to changes in the microstructure.

6.

Microstructural Evaluation. The information presented up until this point poses more

questions than it answers. The microstructures presented in this section provide some of the
answers. The tensile test data previously reviewed shows that the smaller section size (0.25")
rolled to a high percent reduction at the lower temperature (350°C) produces the highest
values of tensile and yield strength. The thicker section size (0.5") rolled to the same percent
reduction at the higher temperature (450°C) will give the lowest values for tensile and yield
strength. The microstructures examined in this section will explain these effects in term of the
size and distribution of the eutectic silicon.

a. Original Structure of 0.25” and 0.5” Samples. The photomicrographs of the as cast
samples of both the 0.25" and 0.5” sections, Figure 16, show the difference in the original size
of the interdendritic particles. The silicon in the 0.25" section is so fine that it is barely resolved
at 500X. The silicon in the 0.5" section is large enough to be seen at 250X. At 500X, a large
number of angular gray compounds are also visible. The coarser silicon in the 0.5" sample is
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caused by the slower cooling of the casting.

Figure 16. As cast microstructures. A - 0.25" sample and B - 0.5" sample. Transverse. 500X.

As will be shown in subsequent figures, the difference in size of the silicon particles due to
the difference in casting size will persist regardless of the amount of rolling and the temperature
of rolling. The first series of microstructures to be presented will be 0.25" samples that are
rolled to varying percent reductions at 450°C. Reductions of 19.6, 35.2, 60.0, 78.0, and
89.2% will be examined. Three other series will be presented. These will be 0.25" at 350°C,
0.5" at 350°C and 450°C. The reductions examined are nominally 30, 60, and 90%.
The first series of micrographs will show that the as cast structure is not affected by rolling
until approximately 30% reduction is achieved. When a reduction of 90% is used, the prior
dendritic structure is no longer evident in the micrographs.

b. Structures of 0.25" Samples Rolled at 45n°r, The 0.25” samples rolled 19.6% at 450°C,
Figure 17, show no noticeable effect of rolling on the dendritic structure. The same samples
viewed at a higher magnification, Figure 18, have more readily defined silicon particles than
were seen in the as cast sample. The silicon has not been completely broken up although the
edges have been rounded due to the combined effects of temperature and deformation.
The 0.25" samples that have been rolled 35.2%, Figure 19, begin to show the effects of
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rolling. The longitudinal section shows that the dendrites have been flattened. The transverse

A

B

Figure 17. A 0.25" sample rolled 19.6% at 450°C. A - transverse. B - longitudinal. 250X.

Figure 18. A 0.25" sample rolled 19.6% at 450°C. A - transverse. B - longitudinal. 500X,
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Figure 19. A 0.25" sample rolled 35.2% at 450°C. A - transverse. B - longitudinal. 250X.

Figure 20. A 0.25" sample rolled 35.2% at 450°C. A - transverse, B - longitudinal. 500X.

section at first appears to have a dendritic structure. Looking closer, the interdendritic particles
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have broken up and the dendrites have lost the definition present in the as cast sample.
When these samples are viewed at a higher magnification, Figure 20, the effect of the rolling
on the silicon particles is obvious. In the longitudinal section, the interdendritic area is filled with
many small discontinuous silicon particles broken up by rolling and rounded by the
temperature. However, the transverse section reveals that some silicon particles still have not
been broken up.
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Figure 21. A 0.25" sample rolled 60.0% at 450°C. A - transverse. B - longitudinal. 250X.

By the time the 0.25" sample has been rolled to 60% reduction, Figure 21, the dendritic
structure of the casting has almost disappeared, particularly in the longitudinal view. In the
longitudinal direction, the sample shows a lot of banding left by the rolling, although this
banding is not as evident in the transverse section. The transition stage between the
undeformed dendritic structure and the extremely deformed samples, of which Figure 21 is an
example, has a characteristic appearance and will be referred to as a "woody" structure.
The silicon particles in the samples rolled 60.0% are mostly broken up, Figure 22. The silicon
particles in the longitudinal section now appear to be monosized and well rounded. The silicon
in the transverse sample still lags behind the longitudinal section; most of the silicon has been
broken up but some silicon still retains the elongated appearance from the as cast structure.
The elongated silicon particles also have rounded edges due to the heating prior to rolling.
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Figure 22. A 0.25" sample rolled 60.0% at 450°C. A - transverse. B - longitudinal. 500X.

Figure 23. A 0.25" sample rolled 78.0% at 450°C. A - transverse. B - longitudinal. 250X.

The samples rolled to 78.0% reduction at 450°C, Figure 23, are also in the transition from
dendritic structure to extremely deformed structure. The longitudinal sample again shows
banding and a woody appearance but the clustering of the silicon particles is not as severe.
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The transverse section has an unbanded structure characterized by an almost homogeneous
spacing of the silicon particles. The clusters of silicon in the sample in the transverse direction
are also beginning to disappear.
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Figure 24. A 0.25“ sample rolled 78.0% at 450°C. A - transverse. B - longitudinal. 500X.

The samples that have been rolled 60% or greater at 450°C do not show a change in the size
of the silicon particles. The size of the particles in Figure 24, the 0.25“ samples rolled 78% at
450°C, are similar to those in Figure 22. This suggests that the effects of rolling on properties
beyond 60% reduction are due to a different mechanism than downsizing of silicon particles.
The samples rolled beyond 60% reduction do show that the silicon particles are becoming
more dispersed. For greater reductions, less clustering of silicon particles representing the
remains of the interdendritic regions of the as cast structure is observed.
The most dramatic results are seen in the 0.25” samples rolled to 89.2% at 450°C, Figure 25.
The longitudinal direction has banding but very little clustering. The transverse section does
not show banding, but the silicon particles are very evenly distributed throughout the
micrograph. The original dendritic structure is no longer evident in either the transverse or
longitudinal directions.
The silicon particles seen at a higher magnification in Figure 26 show that the size of the
particles has not been significantly affected by the increase in reduction. Some clustering is
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Figure 25. A 0.25" sample roiled 89.2% at 450°C. A - transverse. B - longitudinal. 250X.
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Figure 26. A 0.25” sample rolled 89.2% at 450°C. A -transverse. B - longitudinal. 500X.

still evident in the transverse section, but in general, the particles are monosized, rounded, and
somewhat evenly spaced.
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For the 0.25" samples rolled at 450°C, the following conclusions can be drawn. Rolling does
not begin to effect the microstructure until approximately 35% reduction. From 35 to 60
percent reduction, continued rolling will break up the silicon particles. After 60 percent
reduction, the size of the silicon is essentially constant. From 60 percent reduction up until 90
percent reduction, continued rolling will homogenize the spacing of the silicon particles. The
longitudinal sections will show banding and the transverse sections will show less clustering.

Figure 27. A 0.25” sample rolled for 32.8% at 350°C. A - transverse. B - longitudinal. 500X.

c.

Structures of 0.25" Samples Rolled at 350°C. The 0.25" samples rolled at 350°C have

similar microstructures to the ones rolled at 450°C. The samples rolled at 350°C do not
homogenize as completely as the 450°C samples. However, the silicon appears to be broken
up into smaller size particles by rolling at the lower temperature.
The sample rolled to 32.8% at 350°C, Figure 27, indicates that some banding is beginning to
appear the longitudinal section. At this point the silicon particles have not been broken up.
The sample rolled to 59.6% at 350°C, Figure 28, shows that the rolling has greatly affected
the original structure. These micrographs indicate the "woody" transition structure. The
transverse and longitudinal sections have clustering of the silicon. The silicon by this time has
begun to break up. The banding is much more segregated than the banding in the sample
rolled at 450°C.
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Figure 28. A 0.25" sample rolled 59.6% at 350°C. A - transverse. B - longitudinal. 500X.

A

B

Figure 29. A 0.25" sample rolled 84.0% at 350°C. A - transverse. B - longitudinal. 500X.

As the rolling continues at 350°C, the structure is broken up further, Figure 29. The sample
rolled 84% again shows the woody structure that indicates the transition between the as cast
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structure and the extremely deformed structure. This sample has more banding than the
sample rolled at 59.6% and the prior cast structure has not been completely eliminated,
although the samples rolled at 450°C have been homogenized by this point. All silicon
particles have been broken up. The size of the silicon particles of the 0.25" samples rolled at
350°C are much smaller than the particles of the samples rolled at 450°C.
In summary, the rolling temperature affects the microstructure of the 0.25" samples. The
samples rolled at 450°C show more homogenization of the cast structure than do the samples
rolled at 350°C; however the samples rolled at 450°C contain larger silicon particles. In both
cases, the silicon breaks up between 30 and 60% reduction. The superior tensile strengths
and yield strengths exhibited by the 0.25" samples rolled at 350°C may be due to the large
number of small particles and the defined banding. Finally, banding or clustering of the silicon
is not as severe in the samples rolled at 450°C.

A

B

Figure 30. A 0.5” sample rolled 32.4% at 450°C. A - transverse. B - longitudinal. 500X.

d.

Structures of 0.5” Samples Rolled at 450°C. Results very similar to those found in the

0.25" samples are found in the 0.5” samples rolled at the same temperatures and percent
reductions. The 0.5" samples rolled to 32.4% at 450°C have an obvious dendritic structure,
Figure 30. The sample has not yet begun to show much of the effect of roiling. The silicon is
beginning to break up.
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A

B

Figure 31. A 0.5" sample rolled 59.0% at 450°C. A - transverse. B - longitudinal. 500X.

Figure 32. A 0.5" sample rolled 90.0% at 450°C. A - transverse. B - longitudinal. 500X.

The 0.5” sample rolled to 59% reduction, Figure 31, has definite banding in the longitudinal
section. The dendritic structure in the transverse section is still visible, but is much less
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defined. The silicon is almost completely broken up. The angular gray compound has not
been affected by either the temperature or the rolling. As expected, the silicon particles in the
0.5" samples rolled at 450°C are slightly larger than the particles in the 0.25” samples.
The 0.5" samples rolled to 90% at 450°C, Figure 32, no longer show any sign of the original
cast structure. Banding is still evident in the longitudinal and transverse sections. The silicon
has been completely broken up in both directions and no angular gray compound is visible.
The silicon particles are larger than those found in the 0.25" samples rolled at 450°C and the
same reduction.
In both the 0.25” and the 0.5” samples, the structures of the samples rolled to 90% show a
relatively homogeneous structure. The main difference is that the silicon particles in the 0.5”
sample are larger than those in the 0.25" sample.

e.

Structures of 0.5" Samples Rolled at 350°C. The 0.5” samples rolled at 350°C are similar

to the 0.25" samples rolled at 350°C. The lower temperature does not eliminate the as cast
structure as easily or completely as the higher temperature. The silicon particles in the samples
rolled at 350°C are smaller than those in the samples rolled at 450°C.
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Figure 33. A 0.5" sample rolled 34.2% at 350°C. A - transverse. B - longtitudinal. 500X.
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Figure 34. A 0.5" sample rolled 66.4% at 350°C. A - transverse. B - longitudinal. 500X.

The 0.5" sample rolled 34.2% at 350°C, Figure 33, does not show much effect of rolling on
the structure. The original cast structure is still very evident although the dendrites are less
defined. The silicon particles are just beginning to break up. Again, the angular gray
compound is visible and does not appear to be affected.
The 0.5” sample rolled to 66.4% reduction at 350°C, Figure 34, has a transitional
appearance. The transverse section retains the clustering of silicon particles in the
interdendritic region. The longitudinal section has banding. The silicon is mostly broken up by
this stage. The gray compound is still large and appears to be relatively unaffected by the
rolling or temperature. The silicon particles in this sample are much smaller than the particles in
samples rolled at 450°C.
The samples rolled to 94.8% at 350°C, Figure 35, have lost the as cast structure. Both the
transverse and longitudinal directions show banding. Both structures have more segregation
than was evident in the samples rolled at 450°C. The angular gray compound is relatively
unaffected in both directions. The silicon particles are smaller than those found in the sample
rolled at 450°C, but are larger than the silicon in the 0.25" samples rolled at 350°C.

f.

Discussion. The differences in results found during the tensile test may be explained by

the microstructures presented in this section. The tensile and yield strengths were highest for
the 0.25" samples rolled at 350°C. The next highest results were obtained with the 0.25"
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Figure 35. A 0.5” sample rolled 94.8% at 350°C. A - transverse. B - longitudinal. 500X.

samples rolled at 450°C followed by the 0.5" samples rolled at 350°C. The lowest values were
obtained in the 0.5" samples rolled at 450°C. The silicon particles in the alloy affect these
properties by providing dispersion strengthening. The smaller, more numerous, more
uniformly distributed particles will have more of a strengthing effect than the larger less
numerous particles.
The original cast structure affects these results because this determines the starting size of
the silicon particles. The silicon particles are originally much finer in the as cast 0.25" samples
than in the 0.5" samples; this size difference persists throughout rolling. The temperature of
rolling also affects the size of the rolled silicon particles. The lower temperature, 350°C, will
produce smaller silicon than the samples rolled at 450°C. The 0.25" samples rolled at 350°C
will have the smallest silicon particles and the 0.5” samples rolled at 450°C will have the largest
silicon particles.
A rolling temperature of 450°C will produce a structure that has silicon relatively evenly
spaced throughout the structure. The samples rolled at 350°C exhibit more segregation or
banding of the silicon. This may also help to strengthen the material. The degree to which the
sample has been rolled will produce the same result. A sample that has been rolled to a greater
percent reduction will show less segregation than a sample rolled to a lesser percent reduction.
The role of the angular gray compound on the tensile properties is unknown. The
compound is not readily visible in the 0.25" sample. The compound appears throughout the
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0.5" samples and appears to be unaffected by the temperature of rolling or the degree of
rolling.
Additional work on the microstructures may indicate more complicated reactions than
presented in this section. Since the alloy is age hardenable and the temperatures used for
rolling approach the solution treating temperature, some complicated precipitation mechanism
may also be occurring.

7.

Age Hardening. Most of the work performed in this thesis concerns the properties of

aluminum 356 that has been cast and subsequently rolled or bent. Since the experimental
samples have not been heat treated, the results are compared to literature values for an F
temper. One reason this alloy is popular is its ability to age harden. A brief look at the
properties of formed and age hardened 356 was performed to get an idea of whether or not the
forming had an effect on the heat treated properties. The samples reported in the following
table, Table X, are 0.25" samples that were rolled to 90% reduction using a rolling temperature
of 450°C. The first two samples have not been solution treated or age hardened. The

TABLE X
TENSILE PROPERTIES OF SAMPLES THAT HAVE
BEEN SOLUTION TREATED AND AGE HARDENED

SAMPLE
NUMBER

SOLUTION
TREATING
TIME (hr)

AGE
HARDENING
TIME (hr)

YIELD
STRENGTH

TENSILE
STRENGTH

PERCENT
ELONGATION

1

—

—

3 5.3

3 9.7

3.7

2

—

—

3 5.2

3 8.7

♦
CD
CM

3 **

6.5

3.0

—

35.9

9.9

4**

6.5

3.0

2 2.6

4 0.2

1 1 .9 *

6.5

5.5

3 0 .7

4 3.7

9 .5 *

6.5

5.5

—

43.3

1 6 .5 *

5 *.
6 **

* broke out of gage length
** Samples have been solution treated at 538°C and age hardened at 150°C for the times
indicated.
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remaining four samples were solution treated and age hardened for the times and
temperatures reported.
The results for the first two samples, which were only rolled at 450°C to 90% reduction,
indicate a relatively high yield strength and tensile strength and a low ductility. The results
compare favorably with the results obtained in the section on tensile properties. The two
samples that were solution treated for 5.5 hours and age hardened for 3 hours suggest that
aging reduces the yield strength, increases the percent elongation, but does not affect the
tensile strength. The yield strength of the aged sample is still greater than the minimum value
for tensile strength for 356-F.
The samples aged for 5.5 hours at the same temperature show even better results, although
the yield strength is not quite as high as the yield strength of the as rolled sample. The tensile
strengths found in the last two samples are greater than the tensile strengths achieved by
rolling the sample to an extremely large reduction and are more than double the minimum
values for as fabricated 356. The elongation again increased and is considerably greater than
the minimum value of 3.0%.
The solution treating and aging performed on samples 3 through 6 are a T6 temper
designation. Typically, an aging time of three to five hours is used4. The previous table
indicates that excellent properties are obtained with an aging time of 5.5 hours. This may
indicate that the aging times needed for rolled samples are longer than those for as cast.
However, the values at 5.5 hours may also be beyond the peak of the aging curves. Further
work needs to be done to determine whether rolling increases the time required to age the
alloy and what the parameters need to be.
Typical tensile properties of 356-T6 are 33 ksi tensile strength, 24 ksi yield strength, and
3.5% elongation4. The results in Table X indicate that in most cases, the rolled samples will
have properties that are greatly superior to reported values. The samples aged for 3 hours had
a yield strength of 22 ksi, which is close to the reported typical value of 24 ksi.
Although a very limited study has been performed on the effect of rolling on the tensile
properties of age hardened samples, the preliminary work is promising. The samples that were
rolled to 90% reduction at 450°C showed greatly improved elongations as well as slightly higher
tensile strengths. The yield strengths decreased compared to the as rolled samples.
However, the yield strengths still are typical or higher for 356-T6 age hardened samples
compared to values listed as typical in the Metals Handbook.
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B. BENDING

The samples examined in the previous sections have been rolled and then pulled in tension.
The rolling itself is deforming the metal in compression. Visual observation during the rolling
process and while pulling the tensile bars indicates that any defects due to the as cast structure
are gradually eliminated as the castings are further deformed in compression. Surface defects
are eliminated and porosity appears less and less frequently on the fracture surface as the total
percent reduction is increased. The properties of aluminum alloy 356 can be improved by
deforming the material under compression. However, there may be manufacturing situations
where the forming process involves tensile rather than compressive forces.

Figure 36. Die assembly used to bend samples.

1.

Experimental Procedure. The experiment was performed using the die shown in Figure

36. A sample of 0.25" thickness was clamped onto the top of the die. The entire assembly was
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Figure 37. Samples bent in die. A - 250°C. B - 350°C. C - 450°C, unfailed. D - 450°C, failed.
E - 450°C, beyond failure.

Figure 38. Sample deformed at 450°C in die assembly until failure. Measurements are
thickness and width at 1/4" increments.
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preheated for 2 hours at temperature. Upon removal from the furnace, the assembly was
placed on the bottom platten of a compression tester and assembled. The punch was firmly
seated within the assembly by hand cranking the upper platten down. The compression tester
was then turned on and the test was performed at a constant rate of displacement. The sample
was assumed to have failed when a loud pop was heard and the load began to fall off. The
maximum load was recorded as well as the displacement in the y direction. The sample was
then gaged at 1/4" increments within the deformed area and width and thickness recorded.

2.

Results of Bending, Figure 37 shows the five samples tested in this manner. Figure 38 is

the sample deformed at 450°C until failure. The numbers on the photograph are the width and
thickness at the indicated markings. Figure 37, shows that at the higher temperatures, much

1 / 4 " INCREMENTS, NORMALIZED

Figure 39. Cross sectional areas for samples bent at 250°C, 350°C, and 450°C, measured at
1/4" increments through the deformed area. For comparison, the increments are normalized

greater deformation is possible. Figure 38 indicates how the thickness and width vary with
location in the die. The material at the bottom of the punch and at the radii of the die tend to
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retain the same dimensions. In between the two areas, the sample will have a tendency to thin
in width as well as thickness. The measurements taken at the 1/4" increments were used to
plot Figure 39.
The lines plotted support the statement that thinning occurs mainly at the area between the
edge of the die and the punch. Figure 39 illustrates the limited formability of the sample
deformed at 250°C, in which the cross sectional area remains fairly constant. The cross
sectional area of the sample deformed at 350°C has some thinning between the edge of the
die and the punch. The samples deformed at 450°C show much greater deformation. The
thinning occurs first near the edge of the die and near the edge of the punch but spreads to
include the entire area between the two areas.

o .o '------------------------------ 1----------------------------- ‘----------------------------- 1---------------------------—*
250
300
350
400
450
TEMPERATURE <°C)

Figure 40. Displacement versus temperature of deformation.

When the samples were bent, the samples deformed until failure would pop at a point near
the maximum load. When all of the deformed samples were examined, a V shaped crack was
evident in a least one place within the area that had been deformed. Under a low power

51
magnifying glass this crack appeared to form from an area of porosity or some other casting
defect. These defects would open up suddenly and produce the noise.
The results from the samples that were rolled indicated that defects in the original structure
would be healed by rolling. The results of the bent samples indicate that defects in the original
structure are instrumental in the failure.
The temperature at which the sample was deformed is related to the displacement possible
as well as the load at failure. Figure 40 shows the relationship between displacement and
temperature. Figure 41 shows the relationship between load at failure and temperature.
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Figure 41. Maximum load (load at failure) versus temperature for the bent samples.

A linear relationship has been found between displacement and temperature. The samples
deformed at 450°C had a much greater displacement than the samples deformed at 250°C.
This mirrors the results found in the rolled samples. The total percent reduction possible was
dependent on the temperature of rolling.
The relationship between load at failure and temperature seen in Figure 41 is not linear. The
load at failure decreases dramatically as the temperature increases. The samples bent at 450°C
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have a large displacement that is produced with the smallest load. The load required to deform
the 250°C sample to its maximum displacement is almost twice as large as the load used to
deform the 450°C sample to failure. The material softens as the temperature is increased.

3.

Microstructural Evaluation. The samples that were deformed by rolling contain many

microstructural changes as a result of the compressive forces. The samples deformed in
tension fail at a smaller total percent reduction and as a result of casting defects. The
microstructures of the samples deformed in tension will probably not evidence the breakdown
of eutectic silicon and homogenization of structure that is seen in the rolled samples due to the
smaller reductions possible. The results of the sample bent at 450°C beyond failure are shown
in Figure 42. The photomicrographs were taken from the sample in the area that showed the
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Figure 42. Sample bent at 450°C beyond failure, section at approximately 50% reduction. A transverse. B - longitudinal. 500X.

most deformation. The transverse section still contains the dendritic structure from the original
casting and the silicon is just beginning to break up. The longitudinal section has a "woody"
appearance such as was seen in the samples that were rolled to the same approximate total
reduction. The eutectic silicon is beginning to be broken up from the deformation and
rounded from the temperature, which are equivalent results to those found in the rolled

53
samples.
In summary, the microstructures of the bent samples are similar to the microstructures of the
rolled samples when compared at the same parameters of temperature and total reduction.
The bent samples are limited in the amount of deformation and therefore the amount of
modification of the cast structure precisely because of the defects that are part of the casting.
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III. CONCLUSIONS

The most important conclusion to be drawn from this work is that it is possible to form
aluminum alloy 356. The deformation is accomplished easier at elevated temperatures but is
possible at temperatures as low as room temperature. The properties obtained from rolled
samples pulled in the direction of rolling surpass or exceed the values for as cast samples.
It is possible to roll permanent mold cast samples to reductions in excess of 80% when using
a schedule of 20% reduction per pass and either 350°C or 450°C. Samples that have been
cast in green sand molds show total percent reductions slightly less than their permanent mold
cast counterparts.
The greatest improvement in tensile and yield strength is obtained by rolling the thinner
sections to greater percent reductions at the lower temperatures. The highest values of yield
and tensile strength were found for the 0.25" samples rolled at 350°C, while the lowest values
of yield and tensile strength were found for the 0.5" samples rolled at 450°C.
The elongation of the rolled samples at first increases with the total percent reduction and
then decreases. The peak occurs somewhere in the area of 40 and 70 total percent reduction.
The 0.5“ samples rolled at 450°C have the greatest elongations while the 0.25" samples rolled
at 350°C have the lowest elongations.
The secondary dendrite arm spacing of the original cast structure has a slight effect on the
tensile properties. The sand cast samples, which have large SDAS, yield properties that are
slightly lower than the properties of the permanent mold samples.
The microstructures of the samples indicate that the original structure affects the structure of
the rolled samples. The original dendritic structure will determine the size and distribution of
the silicon particles, which are broken up by rolling and rounded by the temperature. The
thinner sections with the faster cooling rates will have much finer silicon particles, which persist
during rolling.
The silicon particles and the dendritic structures are broken up in the range of 30 to 60
percent reduction. After 60 percent, the particle size appears to remain constant while any
remnants of the as cast structure are eliminated. Rolling at 450°C will break up the structure and
reduce the segregation of silicon. Rolling at 350°C will also break up the structure but the
banding or clustering will remain even at greater deformations.
The particularly high yield strength and tensile strength in the 0.25" samples rolled at 350°C
to high total percent reductions are due to the large number of small silicon particles. The 0.5"
samples rolled at 450°C to the same total percent reduction will have a smaller number of larger
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silicon particles, which are relatively evenly distributed throughout the structure.
The samples deformed in a complex stress state indicate that the samples deformed at
450°C are soft and can be deformed by a large amount before the effects of thinning and
casting imperfection cause failure.
Radiographs taken of a sample at various stages of rolling indicate that even gross defects
are eliminated. Density measurements of tensile bars suggested that microporosity did not
significantly affect the results of the work.
A small amount of work was performed on precipitation hardened samples. The information
obtained indicated that the yield strength decreased and the tensile strength and elongation
increased in the aged samples. All values were acceptable for 356-T6.
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IV. RECOMMENDATIONS

A number of questions were raised during the course of this work which could serve as the
basis for future research. Future research might include:

1. Tensile tests on the properties of roiled samples in a direction perpendicular to the direction
of rolling.

2. Determination of the properties of the precipitation hardened samples after various percent
reductions.

3. Additional work on precipitation hardening to determine the optimum time and temperature
for a given amount of rolling.

4. SEM and additional microscopy work to determine the mechanism by which rolling
influences properties and to better characterize the change in the morphology of the silicon
during deformation.
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